ABSTRACT: Self-assembly of supramolecular structures has become an attractive means to create new biologically inspired materials and interfaces. We report the first robust hybrid bilayer systems readily coassembled from amphiphilic dendrimers and a naturally occurring phospholipid. Both concentration and generation of the dendrimers have direct impacts on the biophysical properties of the coassemblies. Raising the dendrimer concentration increases the hybrid bilayer stability, while changes in the generation and the concentration of the embedded dendrimers impact the fluidity of the coassembled systems. Multivalent dendrimer amine terminals allow for nondestructive in situ derivatization, providing a convenient approach to decorate and modulate the local environment of the hybrid bilayer. The coassembly of lipid/dendrimer interfaces offers a unique platform for the creation of hybrid systems with modular and precisely controllable behavior for further applications in sensing and drug delivery.
■ INTRODUCTION
Self-assembly of supramolecular complexes derived from biological and synthetic components is an important strategy to establish novel materials and interfaces. 1−3 These complexes include many classes, such as those derived from proteins, nucleic acids, lipids, polymers, or metal nanoparticles, and the interactions between them have many implications for their assembly pathways and dynamic geometries. One promising application of these constructs is based on their ability to sense, detect and transport biologically interesting agents, particularly in regards to self-assembled lipid and polymer nanostructures for drug delivery. 4 Both lipids and polymers are capable of assembling with the therapeutic agent to be delivered, providing protection from biodegrading physiological environments while improving bioavailability in order to bring the therapeutic cargo to the target site intact.
One specific type of synthetic polymer known as dendrimers is particularly appealing for drug delivery by virtue of their welldefined structure with unique radial architecture, numerous terminal functionalities, and various interior cavities. 5−7 Polyamidoamine (PAMAM) dendrimers, originally developed by Tomalia as protein mimics with a large number of amide functionalities in the interior and primary amine terminals on the surface, 8, 9 have been the most extensively studied for biomedical applications. 7 Recently, amphiphilic dendrimers, constructed from long hydrophobic alkyl chains and PAMAM dendrons, have emerged as newcomers in the drug delivery field. These amphiphilic dendrimers are able to capitalize on the delivery features of lipid and polymer vectors while minimizing adverse toxic effects. 10−12 They can assemble into supramolecular nanostructures and can be loaded with therapeutic cargos, either through hydrophobic encapsulation within the interior of a dendrimer nanomicelle 11 or via electrostatic interaction with the charged amine functionalities on the dendrimer surface. 12−14 While these assemblies have proved highly effective compared to traditional lipid or dendrimer vectors, interest is growing around the coassembly of synthetic compounds with naturally occurring phospholipids for the assembled constructs' potential to demonstrate both natural and tunable biophysical properties. 15−18 In this line, we investigated the coassembly processes of amphiphilic dendrimers 1−3 with palmitoyloleoylphosphocholine (POPC), a major component of the plasma membrane ( Figure 1 ). We used surface plasmon resonance (SPR) spectroscopy to characterize the dendrimer and lipid coassembly processes on nanoglassified sensor chips 19, 20 and performed confocal fluorescence microscopy studies to inspect the spatial organization of embedded and tagged components. Our results demonstrate that the amphiphilic dendrimers and POPC are capable of coassembling into uniform nanovesicles in solution, while also forming bilayer structures on hydrophilic glass supports. The hybrid membrane structures exhibit high lateral mobilitya trait common to natural lipid membranesyet the bilayer stability and fluidity can be directly modulated by changing the dendrimer concentration and generation. In addition, in situ derivatization of the coassembled system can be achieved through nondestructive tagging of the dendrimer terminals with a protein-recognizing ligand, demonstrating the promise of the hybrid interface to function toward an enhanced supramolecular sensor and/or targeting device.
■ EXPERIMENTAL SECTION
Extended details regarding materials, preparatory techniques, and simulation protocols are provided in the Supporting Information. Amphiphilic dendrimers 1, 2, and 3 were synthesized according to previously reported methods (Scheme S1, Supporting Information). 10 The dendrimers were incorporated into standard sonication and extrusion techniques for hybrid dendrimer/POPC vesicle preparations. In brief, an appropriate amount of POPC and/or dendrimer stock solution in chloroform was dried in a glass vial under nitrogen to form a thin lipid film. The vial containing lipids was then placed in a vacuum desiccator for at least 2 h to remove any residual solvent. The dried lipids were resuspended in 1 × PBS to a lipid concentration of 1.0 mg/ mL. After vigorous vortexing to remove all lipid remnants from the vial wall, the solution was bath sonicated for 30 min. Thereafter, the supernatant was extruded through a polycarbonate filter (Whatman, 100 nm) to produce small, unilamellar vesicles (SUVs) of uniform size. For fluorescence analysis, vesicle preparation followed the same procedure with the addition of 2% (w/w) NBD-PC, and dendrimer micelles were prepared with 1% (w/w) R18. All vesicle suspensions were used within 1 week and stored at 4°C.
SPR spectroscopy and fluorescence microscopy were conducted on a NanoSPR5-321 (NanoSPR, Chicago, IL) and an inverted Leica TCS SP5 II (Leica Microsystems, Buffalo Point, IL), respectively, using previously established protocols for supported lipid bilayer analysis. 20 The SPR setup utilized a running buffer of 1 × PBS set to a flow rate of 5 mL/h (ca. 83 μL/min) unless otherwise noted. 21 The methods of Axelrod and Soumpasis were applied to fluorescence recovery after photobleaching (FRAP) data sets for determination of diffusion coefficients and mobile fractions. 22, 23 For transmission electron microscopy (TEM) analysis, samples were applied directly to carbon-coated copper TEM grids, oven-dried, and stained with uranyl acetate prior to imaging with a JEOL 3010 microscope operating at 300 kV. The simulations are based on dissipative particle dynamics (DPD), a mesoscopic coarse-grained simulation method routinely employed for soft materials and biomembrane-containing system calculations. 24, 25 ■ RESULTS AND DISCUSSION Amphiphilic compounds form different and distinct geometric assemblies that depend on both the molecular structure and the hydrophobic/hydrophilic balance. 26 Phosphocholine (PC) is a linear amphiphile capable of forming bilayer liposomes which, when exposed to a hydrophilic support, will rupture and fuse into a planar supported lipid bilayer (SLB) exhibiting high lateral mobility of the embedded lipids. 27 In contrast, dendrimer 3 is a conical amphiphilic molecule which readily self-assembles into nanomicelles. 14 We therefore performed our initial assessments on the interaction of micelles consisting solely of 3 with a POPC bilayer formed on nanoglassified sensor chips using SPR. As illustrated in Figure 2A , the first increase in the SPR sensorgram is due to POPC adsorption and fusion into a SLB (I in Figure 2A ). Addition of dendrimer 3 micelles results in a notable increase in resonance angle (Δθ min = 0.10°, III and IV in Figure 2A ), which then gradually decreases back to the baseline POPC value following the buffer rinse process (V in Figure 2A and Figure S1 , Supporting Information). This is indicative of weak adsorption of dendrimer micelles onto the POPC membrane and in agreement with the established macropinocytotic pathway for the internalization of dendrimer nanomicelles; i.e., amphiphilic dendrimers do not directly fuse or strongly interact with the biomembrane but rather are internalized by energy-driven cellular processes, such as endocytosis.
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To further inspect the interaction of the dendrimer micelles with the POPC bilayer-covered glass support, we performed molecular simulations (see Supporting Information for computational methods). 11, 12, 14, 28 According to these calculations, the spherical micelle generated upon self-assembly of dendrimer 3 is able to land softly on the bilayer surface 
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Research Article whereupon it preserves its shape throughout the entire simulated process (10 μs) of its adhesion with the glasssupported POPC bilayer (see movie in Supporting Information). These results are in line with those obtained in SPR experiments, highlighting weak adsorption as opposed to irreversible fusion, of the dendrimer micelles to the POPC membrane.
Intriguingly, introducing dendrimer 3 to the silica-coated SPR chips results in a significantly smaller resonance angle change (Δθ min = 0.20°, I in Figure 2B ) compared to POPC (Δθ min ∼ 0.45°, I in Figure 2A ). As SPR measures changes in the refractive index of the medium near the sensor interface, 29 the lower angular shift may be the result of intact micelle adsorption, leaving nanoscale buffer voids between adjacent structures which exhibit a lower net refractive index change. Confocal fluorescence microscopy was employed to investigate the adsorption of dendrimer micelles containing R18 onto the glass-supported POPC bilayer ( Figure 2C , upper panel). R18 is a molecular probe with the fluorophore at the aqueous interface and the alkyl tail protruding into the lipid membrane interior, which when contained within dendrimer nanomicelles allows inspection of their spatial distribution. The images in Figure 2C (upper panel) reveal an even distribution of the micelles that are immobile, as shown by the lack of fluorescence redistribution after photobleaching, suggesting their intact adsorption onto the glass support.
To induce fusion of the dendrimer micellar structures with a model membrane and investigate the properties using surfacebased analytical techniques, we next added POPC liposomes to obtain hybrid SLBs (III in Figure 2B ) using established protocols. 30, 31 Contrary to the previous experiment in which we added the dendrimer micelles to a preformed POPC membrane with which they interacted weakly (Figure 2A ), here we incubated POPC vesicles with dendrimer micelles already adsorbed to the silica-coated surface ( Figure 2B) . Remarkably, the SPR sensorgram shows a net increase in the resonance angle after addition of the POPC vesicles (III in Figure 2B ), which remains constant even after rinsing with buffer (IV in Figure 2B ), resulting in a final Δθ min of 0.41°. This finding suggests the incorporation of POPC into a hybrid lipid/ dendrimer structure. We further studied this hybrid system using confocal fluorescence microscopy, which showed an even distribution of R18 with tagged PC. In this instance, however, fluorescence rapidly recovered after photobleaching, indicating a measurable lateral mobility in the membrane (lower panel in Figure 2C and Figure S2 ). To confirm that dendrimers were embedded in the POPC membrane and that we were not solely observing fusion of R18, we directly modified 2 with a fluorophore in situ, after fusion within the POPC bilayer, and also observed an even distribution of fluorescence ( Figure S8 ). The long-range diffusion of both R18 and NBD-tagged phosphocholine ( Figure S2 ) eliminates the possibility that the dendrimer micelles and phosphocholine vesicles remain adsorbed in their respective intact states and provides evidence for a coassembled lipid/dendrimer hybrid system with bilayer membrane fluidity.
Further investigations regarding the incorporation of amphiphilic dendrimers into fluid POPC bilayers required greater consistency among measurements as well as the ability to control the relative concentrations of dendrimers and POPC. Throughout the rest of the studies, we therefore mixed the POPC and dendrimers in varying ratios prior to liposome formation, using a previously developed protocol. 32 To inspect how the dendrimers and POPC coassemble in solution, we carried out dynamic light scattering (DLS) analysis and transmission electron microscopic (TEM) imaging on the mixed dendrimer/POPC assemblies. TEM imaging shows that the dendrimers alone form nanomicelles ca. 10 nm in diameter ( Figure S3 ), in agreement with data previously established for 3 alone. 10 However, the hybrid dendrimer/POPC systems form larger, unilamellar vesicles ( Figure 3A) . Furthermore, DLS analysis revealed that the incorporation of dendrimers 1−3 into POPC liposomes did not notably affect their polydispersity but had a considerable impact on their size, with a decreasing average hydrodynamic vesicle diameter observed with higher generation dendrimers (Table S1 ). This decrease in size may be explained by considering the molecular geometry of POPC and dendrimers. POPC is a largely linear and cylindrical molecule, whereas dendrimers 1−3 are rather triangular and funnelshaped. With increasing generation, the overall dendrimer shape becomes more conical, which likely produces some steric repulsion between the dendrimer terminals and adjacent POPC headgroups. Zeta potentials of the POPC vesicles were also affected by the dendrimers. Vesicles composed of POPC alone exhibited a near neutral zeta potential, whereas each of the hybrid lipid/dendrimer vesicle suspensions had a zeta potential of ca. +20 mV. This can be reasonably ascribed to the positively charged terminal amines that are present in each dendrimer in 
Research Article physiological buffer. Altogether, these data indicate that the dendrimers produce a fairly stable colloid with POPC.
In silico experiments further support these findings, with molecular simulations of mixed POPC/dendrimer systems yielding the stable unilamellar vesicles shown in Figure 3B . The calculated average dimensions of the vesicles and the corresponding zeta potential values (Table S2 ) are in agreement with the DLS data (Table S1 ). These snapshots extracted from the equilibrated simulation trajectories of the three mixed lipid/dendrimer vesicles revealed that dendrimers 1, 2, and 3 are all uniformly dispersed within the POPC bilayer, with no evidence of clustering or other structural organization. The hydrophobic portion of each dendrimer is inserted into the bilayer, while the charged heads are exposed on the surface of the corresponding self-assembled structures ( Figure 3B ). The enhanced conical shape and the high total charge (+8) of dendrimer 3 is reflected in a mixed vesicle configuration in which, by virtue of both steric and electrostatic repulsions with the POPC positive charges, the large branched charged head of 3 sticks out of the lipid bilayer and protrudes into the solvent somewhat more than the heads of the other two dendrimers. This allows for a tighter compaction of the bilayer and, consequently, for smaller vesicle dimensions. In summary, the overall uniform dispersion of dendrimers 1, 2, and 3 within the POPC bilayer ultimately generates mixed vesicles with optimal size and zeta potential to ensure that the most stable nanoparticles are formed in accordance with the corresponding situation.
Fusion of the hybrid dendrimer/POPC vesicles into an SLB was carried out following the same procedure as for traditional POPC vesicles; that is, the hybrid vesicles were applied to the surface of the glass support and incubated in an aqueous environment. The stability of these lipid bilayer structures upon introduction of a chemical perturbant was investigated using established SPR methods. 33 After vesicle fusion and rinsing of the membrane under PBS flowing at 5 mL/h, 0.1% (v/v) surfactant was introduced to the SPR flow cell at a rate of 20 mL/h, and buffer was rinsed through at this rate for 5 min. Upon return of the flow rate to 5 mL/h for 10 min, relative membrane removal was quantified through percent change of the minimum resonance angle as shown below, where Δθ 0 represents the angular shift after vesicle fusion and Δθ f represents the final angular shift after surfactant rinsing.
A representative sensorgram for these processes is shown in Figure 4A , which illustrates bilayer formation from the coassembled dendrimer/POPC vesicles, followed by the surfactant rinse. All three dendrimers appeared to have a concentration-dependent effect on the overall bilayer stability ( Figure 4B ). POPC alone exhibited the lowest stability (>35% membrane removal) in the presence of a relatively low concentration of surfactant. Increasing the concentration of dendrimers within the membrane imparted greater levels of stability (<10% membrane removal) up to a 50% (n/n) 34 composition of dendrimers and POPC. 35 The increased stability can be ascribed to the cooperative and multivalent interactions between the positively charged dendrimer amine terminals and the slightly negative glass support, 36 providing an in situ control of stability similar to previous findings with other fluidic membrane-embedded compounds. 37 While the SPR stability studies provided us with an insight into the interactions between the hybrid coassemblies and their underlying supports, we further examined changes in POPC fluidity in response to dendrimer concentration and generation using fluorescence recovery after photobleaching (FRAP). We noted a decrease in the lateral mobility of fluorophore-labeled PC with increasing concentration of each dendrimer in the hybrid assemblies. This can be seen in the fluorescence images by the longer persistence of bleached areas with higher concentrations of the dendrimer ( Figure 4C , also Figures  S4−S6) . Diffusion coefficients (D) for POPC show distinct patterns with increasing concentrations of 1, 2, and 3 ( Figure  4D ). Dendrimer 1 causes a gradual decrease in fluidity as its concentration within the membrane increases, eventually resulting in a loss of measurable fluidity above the levels of 45% (n/n) 1. Dendrimer 2 follows a similar pattern, with a loss of fluidity above 8% (n/n) 2, while 3 has the greatest impact, 
Research Article causing a sharp decline in POPC mobility as soon as 3 is introduced. These results are intriguing because they show that each of the dendrimers has a direct, concentration-dependent impact on the surrounding lipid environment. The orientation of the zwitterionic headgroups of POPC ( Figure 1A ) within the bilayer leaves the positively charged ammonium groups positioned away from the bilayer/water interface and the negatively charged phosphates slightly buried. As increasing the dendrimer generation leads to more laterally extending terminal amines, the positively charged terminals can therefore be placed in an ideal position for attractive electrostatic forces with the POPC phosphate groups to take effect. This is corroborated by the bilayer reinforcement exhibited in the SPR assays. Taken together, our results demonstrate how the amphiphilic dendrimers enable fine-tuning of the biophysical properties of the hybrid bilayer interfaces.
Membranes composed of PC exhibit low biofouling and strong protein-resistant properties owing to their unique headgroup structures. 19, 38 These are excellent characteristics for extending the detection limit in analytical sensors 19 and preventing degradation of liposomal therapeutics. 39 However, modifying the interfacial surface in situ currently presents a challenge in the development of new sensors and drug delivery tools. In our hybrid interfaces, the presence of the amine terminals on the embedded amphiphilic dendrimers enables the easy conjugation of biological recognition ligands, and we exemplify this by tagging of the hybrid dendrimer/lipid membranes with biotin, followed by streptavidin recognition. The SPR sensorgram shows formation of a hybrid 2/POPC bilayer, followed by derivatization and protein recognition ( Figure 5 ). We chose 5% (n/n) of 2 in the POPC bilayer membrane, as it offered a sufficient availability of free amine terminals for conjugation with biotin, yet a good balance of increased stability and retention of lateral lipid mobility. Following formation of the hybrid 2/POPC bilayer (I and II in Figure 5 ), we added the NHS active form of biotin and incubated for 30 min. An increase in angular resonance (Δθ min of 0.02°) was observed, indicating successful attachment of biotin to the free amine terminals (III and IV in Figure 5 ). After rinsing with PBS to remove unbound biotin (V and VI in Figure 5 ), we added streptavidin (1 μM), which resulted in a significant increase in angular resonance (Δθ min = 0.11°) (VII and VIII in Figure 5 ). This can be ascribed to the recognition and binding of biotin/streptavidin, which remained constant even after copious rinsing with buffer (X in Figure 5 ). The interaction here is strong and specific for the dendrimercontaining membranes, in contrast with a control experiment in which an SLB composed of 100% POPC, where both NHSbiotin tagging and streptavidin recognition were unsuccessful ( Figure S7 ). Verification of this process was also performed under fluorescence, in which a 5% 2/POPC SLB on glass was exposed to an amine-reactive fluorophore (NHS-AMCA). Coupling of AMCA with the dendrimer containing membranes revealed an even distribution of AMCA fluorescence, with no observable damage to the membrane itself ( Figure S8 ). The in situ derivatization exemplified here could be useful for developing high-performance sensors, as well as drug delivery carriers where the protein corona surrounding the complex can be dynamically altered without damaging the supramolecular architecture. 40, 41 ■ CONCLUSIONS In summary, the lipid/dendrimer coassembly processes investigated here have provided insights into the function and activity of the resulting biomimetic supramolecular complexes and interfaces. Separate constructions of amphiphilic dendrimer micelles and phosphocholine bilayers alone yielded few measurable interactions between the two systems, while coassembly of these materials into hybrid systems resulted in a new interface with tunable biophysical properties. Varying dendrimer generation and concentration allows modulating these hybrid interfaces with regards to stability, fluidity, and availability of derivatization sites and enables the creation of enhanced supramolecular entities with potentially interesting interfacial applications. This is the first study of amphiphilic dendrimers coassembled in a model membrane system. The potential directions to now be taken to gain further insight into additional assembly pathways and interfacial recognition schemes are multiple. Future studies will be geared toward accurately modulating and potentially controlling the behavior of this system toward tailored and specific applications.
■ ASSOCIATED CONTENT

* S Supporting Information
The Supporting Information is available free of charge on the ACS Publications website at DOI: 10.1021/acsami.6b11556.
Experimental details, Figures S1−S10, and Tables S1 and S2 (PDF) Movie S1 (MPG)
■ ACKNOWLEDGMENTS
We acknowledge support from the National Science Foundation (CHE-1413449 to Q.C.), La Ligue Contre le Cancer (Target4Cancer to L.P.), Association pour la Recherche sur les Tumeurs de la Prostate (to L.P.), and Agence National de la Recherche in the framework of EuroNanoMed II (to L.P.). S.S.H. was supported by a NIEHS T32 training grant (T32 ES018827) and Y.C. by Fondation de Recherche Medicale (SPF20150934261). We are grateful to Prof. Yadong Yin for the use of the particle analyzer. Fluorescence images were generated at the Microscopy Core/Center for Plant Cell Biology within the Institute for Integrative Genome Biology of the University of California, Riverside.
